Parkinson disease (PD) is associated with nigral degeneration and striatal dopamine deficiency. Demonstrating midbrain structural abnormalities with transcranial sonography or diffusionweighted MRI or showing striatal dopamine terminal dysfunction with PET or SPECT supports the diagnosis and rationalizes the use of dopaminergic medications. In atypical PD variants, transcranial sonography can detect striatal hyperechogenicity, and diffusion-weighted imaging can detect increased putamen water diffusion, whereas 18 F-FDG PET reveals reduced lentiform nucleus glucose metabolism. PET and SPECT can detect changes in striatal dopamine levels after levodopa administration and relate these to motor responses. Loss of cortical dopaminergic and cholinergic function is present in demented PD and, on occasion, amyloid deposits can be detected. Loss of cardiac sympathetic innervation can be sensitively detected in PD with 18 F-dopamine PET or 123 I-metaiodobenzylguanidine SPECT. Finally, PET can detect widespread brain inflammation in PD. This review discusses the role of structural and functional imaging for diagnosing and managing different parkinsonian syndromes.
Thedefini tive diagnosis of idiopathic Parkinson disease (PD) requires histologic demonstration of intraneuronal Lewy body inclusions in the substantia nigra compacta, and such demonstration is clearly impractical during life. The nigrostriatal projection loss that characterizes PD is associated with striatal dopamine deficiency targeting the posterior putamen. Clinicopathologic studies suggest that when established PD is diagnosed according to current U.K. Brain Bank criteria, there is a 90% concordance between expert clinical impression and the presence of nigral Lewy bodies (1) .
In early PD, however, the full triad of clinical symptoms and signs (rest tremor, bradykinesia, and rigidity) may not yet be manifested. Differential diagnoses include benign essential or dystonic tremors (2) and parkinsonism associated with exogenous agents such as dopamine receptorblocking drugs. These conditions are not associated with nigral degeneration or striatal dopamine deficiency. In up to 15% of cases labeled as early PD by investigators, imaging has shown normal dopamine terminal function suggestive of an alternative diagnosis (3, 4) . Given this statistic, the ability to noninvasively detect altered nigral structure or striatal dopamine terminal function potentially provides valuable tools that can help increase diagnostic specificity for dopamine-deficient parkinsonian syndromes and rationalize management decisions at initial stages of disease.
In addition, there are atypical parkinsonian disorders associated with striatal dopamine deficiency but with nonLewy body pathologies such as multiple-system atrophy, progressive supranuclear palsy, and corticobasal degeneration. The accuracy of diagnosis of these conditions improves with disease duration as their atypical features become evident, but early on they can be difficult to discriminate from idiopathic PD on clinical grounds. Vascular parkinsonism can also mimic PD, though vascular parkinsonism tends to be poorly responsive to levodopa and is characteristically associated with lower-body parkinsonism and gait apraxia.
Nonmotor complications of PD can cause greater impairment of quality of life than does the motor disability. Dementia is 2-6 times more common in PD than in agematched controls and is associated with cortical Lewy body disease and, on occasion, concomitant Alzheimer pathology. Dementia with Lewy bodies (DLB), like Alzheimer disease, is associated with impaired recall, speech, and perceptual difficulties but in addition is characterized by rigidity, fluctuating confusion, psychosis, and visual hallucinosis. Currently, it remains unclear whether DLB, PD with later dementia (PDD), and nondemented PD all represent a spectrum of Lewy body disease. Nigral degeneration is a feature of all 3 of these conditions, in contrast to Alzheimer disease, in which dopaminergic function remains intact. At postmortem examination, most cases of DLB show a mixture of cortical Lewy body inclusions and Alzheimer pathology. Functional imaging can detect the presence of dopaminergic dysfunction, cortical hypometabolism, and amyloid pathology in dementia syndromes, thus aiding their classification.
The algorithm presented in Figure 1 summarizes the role of structural and functional imaging for diagnosing and managing different parkinsonian syndromes.
IMAGING NIGRAL STRUCTURAL CHANGES MRI
Conventional MRI reveals brain structural changes as reductions in volume (atrophy) and alterations in waterproton relaxation T1 and T2 signals. Water normally flows along neural tracts in the brain. Diffusion-weighted or diffusion tensor MRI can be used to quantify loss of anisotropy (directionality) or increase in amplitude of water diffusion and so demonstrate disruption of neural tracts. The pathologic presence of iron in a paramagnetic chemical form reduces T2 relaxation times because of the increased magnetic susceptibility.
Conventional T1-and T2-weighted MRI shows normal nigral structure in idiopathic PD and so is not diagnostically helpful. Volumetric T1-weighted MRI studies have also failed to detect a reduction in nigral volume in PD, possibly because of difficulties in accurately defining the border of the nigra compacta (5) . However, standard MRI sequences are valuable as they will reveal structural lesions such as basal ganglia tumors, granulomas, and calcification; vascular disease; altered basal ganglia signal due to Wilson's disease or manganism/ephedrine poisoning; and hydrocephalus and allow them to be excluded as secondary causes of parkinsonism.
Inversion recovery sequences can be designed to suppress either gray or white matter signal. Segmented inversion recovery ratio imaging generates ratio images of gray matter-and white matter-suppressed signal at a voxel level. With the segmented inversion recovery ratio approach, all of an initial series of 6 PD patients were reported to show a gradient of altered nigral signal that was absent in healthy controls (6) . A subsequent series from another center reported similar findings in 7 of 10 patients with established PD, suggesting a sensitivity of 70% (7) . Subtraction rather than ratio images of gray matter-and white matter-suppressed signal can also be generated. With this approach, Minati et al. (8) detected significant hypointensity of the lateral nigra in PD. However, there was a 50% overlap between normal and PD nigral signal. Although the use of gray matter-and white matter-suppressing inversion recovery sequences can detect changes in nigral structures in PD, it is a complicated approach to implement and currently not sensitive enough to be of diagnostic value. T2-weighted sequences are influenced by local increases in magnetic susceptibility when raised iron content is present in brain areas. With such an approach, Michaeli et al. (9) have been able to detect increased nigral magnetic susceptibility in PD. Again, however, midbrain relaxation times overlapped considerably with those of a healthy group.
A potential advance involves the use of diffusion tensor imaging to determine regional fractional anisotropy within the nigra. In a recent study, fractional anisotropy in the substantia nigra was measured in 14 de novo PD patients and 14 healthy volunteers matched for age and sex (10) . Nigral fractional anisotropy values were reduced in all PD patients, compared with the control group (Fig. 2A) . The greatest difference between the 2 groups was observed in the caudal part of the substantia nigra. These findings are in agreement with postmortem studies, which show greater cell loss in the ventrocaudal nigra than in the rostral segment of this structure. PD patients were distinguished with 100% sensitivity and specificity from the healthy volunteers on the basis of their fractional anisotropy value in the caudal nigra. If confirmed in larger cohorts of PD patients, these findings suggest that diffusion tensor imaging could be valuable for supporting a diagnosis of PD.
Transcranial Sonography
Transcranial sonography detects ultrasound echoes from brain structures. In an initial series, 92% of patients with clinically established PD were reported to show bilaterally increased echogenicity from the lateral midbrain ( Fig. 2B ) (11) . The size of the transcranial sonography signal, however, does not correlate well with the disability rating in PD and remains static over 5 y despite progression of symptoms (12) . It has been suggested that the presence of midbrain hyperechogenicity is a trait rather than a state marker for susceptibility to parkinsonism and may reflect midbrain iron deposition (13) . In support of this viewpoint, midbrain hyperechogenicity has been reported in premanifest monogenic forms of parkinsonism including carriers of a-synuclein, lysine-rich repeat kinase (LRRK2), parkin, and DJ1 mutations (14, 15) .
A recent prospective masked study has assessed the specificity and sensitivity of transcranial sonography for the differential diagnosis of PD (16) . Sixty patients with soft signs of parkinsonism underwent baseline transcranial sonography and then were clinically assessed every 3 mo for 1 y. At the end of the follow-up period, 39 were classified as having PD, 10 as having atypical parkinsonian syndromes (which do not show midbrain hyperechogenicity), and 4 as having neither of these conditions. Compared with the final clinical diagnosis, the sensitivity of transcranial sonography for detecting PD at baseline was 91% and the specificity was 82%. The positive predictive value of transcranial sonography for PD was 93%, with an accuracy of 88%.
Although these results are promising, in other recent series transcranial sonography has been reported to have sensitivities as low as 50% for clinically probable PD (17) . There are also difficulties with the diagnostic use of transcranial sonography: first, increased midbrain echogenicity has also been reported in 17% of patients with essential tremor (18) , 40% of depressed patients without signs of PD (19) , and 10% of age-matched healthy volunteers (11) , suggesting that the specificity of transcranial sonography is suboptimal. Second, whereas 90% of subjects have a suitable preauricular acoustic bone window, in 10% no echoes can be detected. Finally, patients with severe tremor have to be excluded because movement artifacts prevent reliable interpretation of the images. MRI can play a valuable role in discriminating atypical parkinsonian syndromes, such as multiple-system atrophy and progressive supranuclear palsy, from typical PD. Atrophy of the lentiform nucleus is a feature of these atypical disorders, but volumetric MRI has not proved sensitive enough to be of diagnostic value (20, 21) . In contrast, diffusion-weighted and diffusion tensor MRI is highly sensitive to changes in striatal structure and potentially useful for discriminating atypical from typical parkinsonian disorders. Diffusion-weighted MRI has been reported to detect raised water-proton apparent diffusion coefficients in the putamen in 90%-100% of patients with clinically probable multiple-system atrophy and progressive supranuclear palsy, whereas apparent diffusion coefficients in the putamen are normal in PD (Fig. 3) (22-24) . Multiplesystem atrophy can be discriminated from progressive supranuclear palsy by the presence of an altered water diffusion signal in the middle cerebral peduncle (25) . These studies have all involved well-established atypical cases, however, and it remains to be seen how well diffusion-weighted MRI will perform with early gray cases in prospective series where clinical diagnostic uncertainty is still present.
Interestingly, although nigral degeneration is a feature of both typical and atypical parkinsonian syndromes, transcranial sonography does not detect midbrain hyperechogenicity in atypical PD. Increased echogenicity of the lentiform nucleus is, however, present in most of these cases and absent in typical PD (26) . A combination of normal midbrain signal combined with lentiform nucleus hyperechogenicity separated atypical from typical PD with a sensitivity of 59% and specificity of 100% and a positive predictive value of 100%.
IMAGING PRESYNAPTIC DOPAMINERGIC FUNCTION IN PD
The function of dopamine terminals in PD can be examined in vivo in 3 main ways (27) . First, the availability of presynaptic dopamine transporters (DAT) can be assessed with a variety of PET and SPECT tracers, most of which are tropane-based. Examples include 123 I-(2)-2b-carbomethoxy-3b-(4-iodophenyl)tropane ( 123 I-b-CIT) (Dopascan; Guilford Pharmaceuticals Inc.), 123 I-N-3-fluoropropyl-2b-carbomethoxy-3b-(4-iodophenyl)tropane ( 123 I-FP-CIT) (DaTSCAN; GE Healthcare), 123 I-altropane, and 11 C-2-carbomethoxy-3-(4-18 F-fluorophenyl)tropane ( 11 C-CFT). Second, 18 F-3,4-dihydroxyphenylalanine ( 18 F-dopa) PET provides a marker of terminal dopa decarboxylase activity and dopamine turnover. Third, vesicle monoamine transporter availability in dopamine terminals can be examined with either 11 C-or 18 F-dihydrotetrabenazine PET. Early hemiparkinsonian patients show bilaterally reduced putamen dopaminergic terminal function, activity being more depressed in the posterior putamen contralateral to the affected limbs (Fig. 4) (28,29) . Head-of-caudate and ventral striatal function is relatively preserved. Clinical parkinsonism occurs when PD patients have lost 40%-50% of posterior putamen dopamine terminal function (30, 31) . Levels of putamen 18 F-dopa uptake and DAT binding correlate inversely with bradykinesia and rigidity of PD patients, but interestingly, not with tremor severity (32) (33) (34) . This suggests that parkinsonian tremor is not a direct consequence of nigrostriatal degeneration.
Not all dopamine fibers are damaged in early PD-some increase their dopamine turnover as an adaptive mechanism. At the onset of rigidity and bradykinesia, globus pallidus interna 18 F-dopa uptake is increased by up to 50% (35) . As the disease advances, pallidal 18 F-dopa storage then falls, eventually becoming subnormal. Disability is then severe and treatment complications develop. This observation suggests that both the putamen and the globus pallidus interna require an intact dopaminergic input from the nigra if limb movements are to be fluent and efficient, and it is when both sets of projections are damaged that the honeymoon period in PD reaches an end.
When clinically probable PD and essential tremor patients have been compared, striatal DAT imaging with 123 I-FP-CIT SPECT has been shown to differentiate these conditions with a sensitivity and specificity of over 90% (36) . Several studies have examined the role of DAT imaging for determining whether gray parkinsonian cases are associated with striatal dopamine deficiency. In the Query PD study, the standard of truth was the clinical impression of 2 movement disorder experts after 6 mo of clinical follow-up (37) . Although referring clinicians showed 92% sensitivity for diagnosing dopamine-deficient parkinsonism, their baseline clinical specificity was poor FIGURE 3. Color-coded diffusionweighted MR images of healthy subject, patient with PD, and patient with atypical parkinsonian syndrome multiplesystem atrophy. Apparent diffusion coefficient is normal in striatum of PD patient but raised in multiple-system atrophy because of neuronal loss that targets putamen. MSA 5 multiple-system atrophy. (Reprinted with permission of (22) .) (30%) compared with the standard of truth whereas baseline imaging specificity with 123 I-b-CIT SPECT was 100%. These findings suggest that clinicians tend to overcall a diagnosis of PD in gray cases.
A similar conclusion was reached by investigators participating in a European multicenter, prospective, longitudinal study in which clinical diagnosis was compared with 123 I-FP-CIT SPECT findings (38) . Serial observations were performed over 3 y on patients in whom there was initial diagnostic uncertainty between degenerative parkinsonism and a benign tremor disorder. The standard of truth was examination of videos of the clinical features at 36 mo by 2 movement disorder experts who were not aware of the imaging results. Three readers, unaware of the clinical diagnosis, classified 123 I-FP-CIT SPECT findings as normal or abnormal by visual inspection. In 99 patients who completed the 36-mo trial, on-site baseline clinical diagnosis, compared with the standard of truth, had a sensitivity of 93% but a specificity of only 46%. Baseline 123 I-FP-CIT SPECT showed a mean sensitivity of 78% and a specificity of 97%, again implying that a diagnosis of PD was overcalled in around 15% of subjects.
The ''Impact of Dopamine Transporter SPECT on the Diagnosis and Management of Patients with Clinically Uncertain Parkinsonian Syndromes'' (CUPS) trial was designed to establish whether a knowledge of baseline striatal DAT binding influenced subsequent management (39) . When FP-CIT SPECT findings were divulged to clinicians, the diagnosis of dopamine-deficient parkinsonian syndrome was revised in 52% of the 118 patients and the management strategy was changed in 72% of patients. A 2-y follow-up found that 90% of subjects still retained the diagnosis assigned after clinicians were made aware of baseline FP-CIT SPECT findings (40) . These studies support the view that including a measure of striatal dopaminergic function in the work-up of gray parkinsonian cases helps in planning their management. However, a problem with the CUPS study is that because no nonimaged control group was included, one cannot be sure that knowledge of DAT binding at baseline led to improved patient outcome. Additionally, the pathology of these patients still remains unclear as clinical follow-up was the standard of truth.
Up to 15% of early cases suspected of representing dopamine-deficient parkinsonian syndrome showed normal dopamine terminal function on PET or SPECT (3, 4) . The prognostic value of this finding remains uncertain, but a series by Marshall et al. has helped to throw light on this (41) . One hundred fifty patients with possible early parkinsonism but normal FP-CIT SPECT findings were followed up for 2 y. Only 4 (3%) of these patients showed clinical progression and were still believed to have PD 2 y later; the rest were labeled as having either benign tremulous or nondegenerative parkinsonian disorders. These findings imply that a SPECT or PET finding of normal presynaptic dopaminergic function in a case of suspected PD is associated with a good prognosis whatever the ultimate diagnosis.
One of the more common causes of confusion with PD is an adult-onset dystonic tremor, which can present as an asymmetric resting arm tremor with impaired arm swing but without evidence of true akinesia (2) . In these patients, functional imaging should be considered to avoid inappropriate medication with dopaminergic agents. Marshall et al. presented 11 patients who initially fulfilled diagnostic criteria for PD and were treated with dopaminergic agents but in whom emerging diagnostic doubts led to DAT imaging with FP-CIT SPECT-which had negative results-and subsequent antiparkinsonian therapy withdrawal (42) . Withdrawal was achieved without clinical deterioration, suggesting that dopaminergic imaging can be valuable when inappropriate use of antiparkinsonian medication is suspected.
REGIONAL CEREBRAL GLUCOSE METABOLISM AND PD
them showed any clinical progression of their disorder. This finding reinforces the viewpoint that normal dopaminergic imaging excludes the presence of a degenerative parkinsonian syndrome.
FUNCTIONAL IMAGING AND ATYPICAL PD
Imaging presynaptic dopaminergic terminal function with either striatal 18 F-dopa uptake or a DAT SPECT marker shows high sensitivity for detecting atypical parkinsonian syndromes but only poor specificity for discriminating them from typical PD (48, 49) . The typical gradient of loss of dopaminergic function in PD, where the head of the caudate is relatively spared, is less evident in progressive supranuclear palsy and corticobasal degeneration patients (48, 50, 51) . In progressive supranuclear palsy, there is a more symmetric pattern of nigrostriatal dysfunction than in other parkinsonian syndromes.
In contrast, measurements of resting glucose metabolism can be helpful for separating typical from atypical parkinsonian syndromes. In typical idiopathic PD, lentiform nucleus glucose metabolism is preserved or raised, whereas it is reduced in most atypical cases ( Fig. 5) (43, (52) (53) (54) .
DETECTION OF PRECLINICAL PD
For every patient who presents with clinical PD there may be 10 subclinical cases with incidental brain stem Lewy body disease in the community (55) . Subjects at risk of developing PD include carriers of genetic mutations known to be associated with parkinsonism (a-synuclein, parkin, LRRK2, glucocerebrosidase A), relatives of patients with the disorder, elderly subjects with idiopathic hyposmia, and patients with rapid-eye-movement sleep behavior disorders.
When asymptomatic adult relatives in kindreds with familial PD are studied, 25% show reduced levels of putamen 18 F-dopa uptake and one third of these subsequently develop clinical parkinsonism (56) . Parkin gene mutations are the most commonly known cause of youngonset recessive parkinsonism. Parkin is a ubiquitin ligase, and many mutations of the gene have been described. Most clinically affected cases are compound heterozygote gene carriers (a different mutation on the 2 chromosome 6s) rather than homozygous for the same mutation. Clinically affected compound heterozygote gene carriers show severe reductions of striatal 18 F-dopa uptake even when disability is mild, suggesting that adaptive processes develop to compensate for their dopamine deficiency (57, 58) . The pattern of dopaminergic deficit in symptomatic parkin patients mimics that of idiopathic PD, putamen being targeted, but the caudate and midbrain are relatively more involved (59) . Asymptomatic heterozygote parkin gene carriers also show a mild but significant reduction in putamen 18 F-dopa uptake (60) . This dopaminergic deficit could conceivably make heterozygote carriers more susceptible to late-onset PD.
Mutations of the LRRK2 gene-PARK8-are the most commonly known cause of later-onset dominantly inherited PD. Adams et al. have used 18 F-dopa, 11 C-dihydrotetrabenazine, and 11 C-methylphenidate PET to assess the striatal dopamine storage capacity, vesicular monoamine transporter binding, and DAT binding in 15 family members of a LRRK2 kindred (61) . The 4 clinically affected LRRK2 members studied had imaging findings similar to idiopathic PD: loss of dopaminergic function targeting the putamen. Two asymptomatic mutation carriers showed reduced putamen 11 C-methylphenidate but normal 18 F-dopa uptake suggesting a selective reduction of DAT binding. This finding is in line with findings in idiopathic PD, in which putamen DAT binding is known to be relatively more depressed than 18 F-dopa uptake (62) . Another 2 asymptomatic mutation carriers had DAT binding that was normal at baseline but subsequently fell over 4 y of follow-up while 18 F-dopa uptake remained normal. The authors concluded that the neurochemical phenotype of LRRK2 mutations was indistinguishable from that of sporadic PD. Asymptomatic gene carriers, however, can show downregulation of DAT binding and preservation of dopa decarboxylase activity, which will act to maintain levels of synaptic dopamine and delay the onset of parkinsonism.
Relatives of PD patients with idiopathic hyposmia are at risk of PD. Ponsen et al. collected 40 such relatives after screening 400 subjects for hyposmia and, with 123 I-b-CIT SPECT, found that 7 of these showed reduced striatal DAT binding (63) . Four of these 7 subsequently converted to clinical PD over a 2-y period.
Patients with idiopathic rapid-eye-movement sleep behavior disorder are at high risk of developing parkinsonism or dementia. Using 123 I-IPT SPECT, Eisensehr et al. found reduced striatal DAT binding in all 5 of their patients with idiopathic rapid-eye-movement sleep behavior disorder (64) . In another series, 11 patients with sleep disorders were investigated with FP-CIT SPECT, and reduced striatal DAT binding was found in 3, 1 of whom had evidence of clinical parkinsonism (65). Increased (66) . Three of the 5 parkin carriers with abnormal transcranial sonography findings showed reduced striatal 18 F-dopa uptake, whereas 5 of the 11 hyposmic patients had reduced striatal FP-CIT binding. Midbrain hyperechogenicity detected by ultrasound in atrisk subjects, therefore, is associated with dopamine cell dysfunction in around half of the subjects. A study from 2006 reported no correlation between levels of midbrain hyperechogenicity in PD and reductions in striatal DAT binding measured with 99m TRODAT SPECT. This finding again suggests that transcranial sonography is detecting nondopaminergic pathology present in PD such as midbrain iron deposition (67) .
MECHANISMS UNDERLYING FLUCTUATIONS AND DYSKINESIAS
PD patients show reduced putamen 18 F-dopa uptake whether they have sustained or fluctuating motor responses to levodopa, but mean uptake is 20% lower in the latter group (68) . There is, however, considerable overlap of individual levels of putamen 18 F-dopa uptake in fluctuator and nonfluctuator cohorts, and so, loss of putamen dopamine terminal function cannot be the sole factor responsible for determining the timing of onset of motor complications.
11 C-raclopride PET studies have reported that putamen D 2 binding is initially increased by up to 20% in de novo PD but that after 6 mo of treatment with levodopa, D 2 receptor availability returns to normal (69,70). 11 C-SCH23390 PET reveals normal striatal D 1 binding in de novo PD, whereas patients chronically exposed to levodopa show a 20% reduction (71) . Striatal dopamine D 1 and D 2 receptor availability has been compared in dyskinetic and nondyskinetic groups of PD patients with similar clinical disease duration and severity who were receiving a similar daily dose of levodopa (71) . Similar levels of D 1 and D 2 receptor binding were found, suggesting that onset of motor fluctuations and dyskinesias in PD is not driven by alterations in striatal postsynaptic dopamine receptor availability.
11 C-raclopride PET is able to indirectly detect synaptic dopamine fluxes by monitoring changes in striatal D 2 receptor availability (72) . The higher the extracellular dopamine level, the lower the dopamine D 2 site availability to the tracer. Animal microdialysis studies suggest that a 25% fall in putamen 11 C-raclopride uptake after amphetamine equates to a 10-fold rise in synaptic dopamine levels (73) . When PD patients are given levodopa treatment they show a fall in striatal 11 C-raclopride binding. Pavese et al. have reported that the response of bradykinesia and rigidity to levodopa in PD correlates with the resulting increases in striatal dopamine levels detected with 11 C-raclopride PET (74) . The fall in striatal 11 C-raclopride binding after levodopa is greater in the putamen of advanced-PD patients with fluctuations than in early cases, implying that higher levels of synaptic dopamine are generated by the former (75) . This reflects the compensatory increase in dopamine turnover in remaining dopamine terminals in advanced fluctuators and their failure to buffer the dopamine generated from exogenous levodopa because of the loss of DATs and vesicles.
The failure to buffer dopamine levels by the striatum in advanced PD results in high nonphysiologic swings in synaptic dopamine levels. This, in turn, promotes excessive dopamine receptor internalization into neurons, the normal mechanism for dissociating dopamine from the receptor, leading to fluctuating and unpredictable treatment responses. In support of this viewpoint, De la FuenteFernandez et al. (76) have measured striatal 11 C-raclopride binding in PD at 1 and 4 h after oral levodopa challenges. These workers found that fluctuators showed transient 8-fold rises in synaptic dopamine levels whereas sustained responders generated only 2-fold rises, which then slowly further increased over the next 4 h. It is this phenomenon, rather than changes in postsynaptic dopamine D 1 and D 2 receptor availability, that results in the more rapid but shortlived response of advanced PD patients to oral levodopa. These workers also noted that ''off'' episodes could coincide with apparently adequate synaptic dopamine levels, again supporting the concept that excessive receptor internalization could lead to unpredictable nonavailability of dopamine binding sites at times.
In their 11 C-raclopride PET study, Pavese et al. noted that the severity of peak-dose dyskinesias generated by levodopa administration in advanced-PD patients correlated with striatal levels of dopamine generated (74) . This finding implies that overstimulation of dopamine receptors is a major factor in generating peak-dose dyskinesias. However, studies on animal lesion models of PD have shown that changes in peptide transmission also play an important role (77) . Medium spiny neurons in the caudate and putamen project to the external and internal pallidum, where, along with g-aminobutyric acid, they release enkephalin, dynorphin, and substance P (globus pallidus interna). Enkephalin binds mainly to d-opioid sites and inhibits g-aminobutyric acid release in the enkephalin. Dynorphin binds to k-opioid sites and inhibits glutamate release in the globus pallidus interna from subthalamic projections. The caudate and putamen contain high densities of m-, k-, and d-opioid sites and also neurokinin 1 sites, which bind substance P. Opioid receptors are located both presynaptically on dopamine terminals, where they regulate dopamine release, and postsynaptically on interneurons and medium spiny projection neurons.
11 C-diprenorphine PET is a nonselective marker of m-, k-, and d-opioid sites, and its binding is sensitive to levels of endogenous opioids. Significant reductions in 11 Cdiprenorphine binding in caudate, putamen, thalamus, and anterior cingulate have been reported in dyskinetic patients, compared with sustained responders (78) . Individual levels of putamen 11 C-diprenorphine uptake correlated inversely with the severity of dyskinesia. These findings are compatible with the presence of raised basal ganglia levels of enkephalin and dynorphin in these dyskinetic PD patients. 18 F-SPARQ PET is a selective marker of neurokinin 1 site availability. In a preliminary study, thalamic neurokinin 1 availability has been shown to be reduced in dyskinetic PD patients but normal in nondyskinetic patients (79) . These in vivo PET findings support the abnormal presence of elevated levels of endogenous peptides in the basal ganglia of dyskinetic PD patients.
IMAGING THE PHARMACOLOGY OF DEPRESSION IN PD
The prevalence of depression in PD has been reported to range from 10% to 45% (80) . Because Lewy body pathology is known to affect serotonergic and noradrenergic as well as dopaminergic neurotransmission, dysfunction of any or all of these systems would seem to be a reasonable candidate for the functional substrate of depression (81) . To date, functional imaging has failed to demonstrate a correlation between serotonergic dysfunction and depression in PD. 123 I-b-CIT binds with nanomolar affinity to dopamine, noradrenaline, and serotonin transporters. Although striatal uptake of 123 I-b-CIT 24 h after intravenous injection primarily reflects DAT binding, midbrain uptake 1 h after administration reflects serotonin transporter availability (82). Kim et al. have reported normal brain stem 123 Ib-CIT uptake in PD. They found no difference between uptake in depressed and nondepressed patients and no correlation between radiotracer uptake and Hamilton Depression Rating Scale scores (83) .
The serotonin 5-hydroxytryptamine receptor 1A (5-HT 1A ) is found as an autoreceptor on 5-HT cell bodies in the midbrain raphe nuclei, where it acts to inhibit serotonin release, and also postsynaptically on cortical pyramidal neurons. 11 C-WAY 100635 PET is an in vivo marker of HT 1A sites, and PD patients show a 25% reduction of HT 1A binding in the midbrain raphe, compared with healthy controls. However, the level of reduction is similar in PD patients whether a history of depression features or not (84) . The results from these 11 C-WAY 100635 PETand 123 I-b-CIT SPECT studies, therefore, are in agreement and do not support the view that serotonergic loss contributes to depression in PD. They also provide no rationale for the use of selective serotonin reuptake inhibitors to treat PD depression.
11 C-methyl (1R-2-exo-3-exo)-8-methyl-3-(4-methylphenyl)-8-azabicyclo[3.2.1]octane-2-carboxylate ( 11 C-RTI 32) PET is a marker of DAT and noradrenaline transporter binding. Nondepressed PD patients show reduced putamen 11 C-RTI 32 uptake, but patients with a history of depression show additional reductions of 11 C-RTI 32 binding in the noradrenergic locus coeruleus, the thalamus, and the limbic system (amygdala, ventral striatum, and anterior cingulate) (85) . Severity of anxiety inversely correlates with 11 C-RTI 32 binding in these regions. These results suggest that depression and anxiety in PD are associated with loss of noradrenergic and limbic dopaminergic innervation additional to the striatal dopamine deficiency present. The use of nonselective inhibitors of monoamine transporters boosting synaptic levels of dopamine and noradrenaline would, therefore, seem a rational approach for treating depression in PD rather than the use of selective serotonin reuptake inhibitors.
TREATMENT-RELATED IMPULSE CONTROL DISORDERS
When PD patients are exposed to dopaminergic medication-particularly agonists-a small minority develop impulse control disorders such as pathologic gambling and hypersexuality in the absence of any previous history. Impulse control disorders can devastate the quality of life of PD patients and their families; affected patients have gambled away their life savings before the problem has come to light. The mechanisms underlying the development of these behavioral disturbances in PD are currently under extensive investigation.
Using 99m Tc-ethylcysteinate dimer bicisate SPECT, a marker of regional cerebral blood flow, it has been reported that PD patients with pathologic gambling show resting overactivity of a right hemisphere network involved in reward processing that includes the orbitofrontal cortex, hippocampus, amygdala, insula, and ventral pallidum (86) . PD patients with pathologic gambling have also been studied with 11 C-raclopride PET during performance of a gambling task. The pathologic gamblers demonstrated greater decreases in ventral striatum D 2 binding during gambling (13.9%) than control patients (8.1%), providing supportive evidence that excessive limbic dopaminergic stimulation underlies the neurobiology of impulse control disorders in PD (87) .
MECHANISMS UNDERLYING DEMENTIA IN PD
The overall prevalence of dementia is around 40% in patients with PD across different series, and the incidence is 6 times higher than that in age-matched healthy people, increasing with age (88) . If PD patients live for 20 y, around 80% develop this complication (89) . Factors contributing to the cognitive dysfunction include direct involvement of the cortex by Lewy body pathology, loss of cholinergic projections from the nucleus basalis of Meynert, degeneration of mesofrontal and mesolimbic dopaminergic projections, coexistent Alzheimer disease, and small-vessel pathology. The presence of these various contributors can be detected with a combination of structural and functional imaging.
MRI Volumetry
Voxel-based morphometry can be applied to volumetric MRI to localize significant regional brain volume reductions in patients at a voxel level. When PDD patients are studied with voxel-based morphometry, significant hippocampal, thalamic, and anterior cingulate atrophy can be detected (90) . Sub-clinical volume loss in these areas can also be detected in nondemented PD patients. As PDD progresses, a further volume loss occurs from cortical association areas (91) . The boundary-shift integral approach applied to volumetric MRI allows whole-brain volume changes to be quantitated. With this approach, Burton et al. computed a 0.31% annual loss of brain volume in PD (similar to healthy elderly individuals), whereas in PDD the annual loss was 1.12%, approaching the 2% reported for Alzheimer disease (92) . These workers concluded that MRI may provide a useful tool for following progression of PD with dementia.
Metabolic Imaging
In PD patients who develop dementia, 18 F-FDG PET has demonstrated a characteristic pattern of reduced resting regional cerebral glucose metabolism targeting the posterior cingulate, parietal, and temporal association regions, with lesser involvement of the prefrontal cortex (93, 94) . Primary motor and visual areas and the basal ganglia are spared. This pattern of reduced glucose metabolism is similar to that reported in Alzheimer disease (95) , suggesting that Lewy body and Alzheimer pathology are associated with overlapping patterns of cortical neuronal dysfunction. Temporoparietal cortical hypometabolism can also be observed in a minority of nondemented PD patients with established disease, suggesting that subclinical cortical Lewy body involvement may already be present (96) . It remains to be determined whether the observed glucose hypometabolism in these subjects is a predictor of late-onset dementia. DLB is characterized by onset of dementia associated with a combination of parkinsonism, visual hallucinations, psychosis, and fluctuating confusion. Again, the pattern of reduced 18 F-FDG uptake resembles that seen in Alzheimer disease, though more severe involvement of the occipital cortex has been reported (97).
Dopaminergic Imaging
Although Lewy body pathology targets the substantia nigra, this nucleus is spared in Alzheimer disease. In an initial series, Walker et al. (98) assessed the integrity of nigrostriatal function by measuring DAT binding with 123 I-FP-CIT SPECT in patients with PD, Alzheimer disease, and DLB. They reported, as would be expected, that PD and DLB patients had significantly reduced striatal uptake of 123 I-FP-CIT, whereas this uptake was normal in Alzheimer disease (Fig. 6) . Autopsy data subsequently became available for 10 of the dementia subjects investigated with SPECT. All 4 subjects proven to have DLB at postmortem examination showed reduced striatal 123 I-FP-CIT uptake. Four of 5 autopsy-proven Alzheimer patients showed normal striatal 123 I-FP-CIT uptake, whereas the fifth, who had been diagnosed with DLB in life, had concomitant small-vessel disease and showed reduced DAT binding. 123 I-FP-CIT SPECT, therefore, provided a sensitivity of 100% and a specificity of 83% for separation of DLB from Alzheimer disease. This result compares favorably with the clinical impression, which diagnosed only 4 of the 9 cases of DLB correctly in life.
In a follow-up series gathered over 10 y, these workers reported correlations between clinical impression, pathology, and striatal 123 I-FP-CIT uptake in 20 dementia patients (8 had pathologically proven DLB; 9 had Alzheimer pathology, often with coexisting cerebrovascular disease; and 3 had other diagnoses-frontotemporal dementia, corticobasal degeneration, or nonspecific pathology) (99) . Using pathology as the standard of truth, Walker et al. found that an initial diagnosis of DLB based on clinical consensus criteria had a sensitivity of 75% and a specificity of 42%. In contrast, the baseline sensitivity of 123 I-FP-CIT SPECT for making a diagnosis of DLB was 88% and the specificity was 100%.
Parallel results have emerged from a longitudinal clinical study of 44 individuals labeled as having possible DLB who all had undergone baseline 123 I-FP-CIT SPECT (100). A consensus panel, unaware of baseline SPECT findings, assigned a clinical diagnosis after 12 mo of follow-up, and this diagnosis was used as the standard of truth. Nineteen of the 44 possible cases of DLB were diagnosed as probable DLB after follow-up, and 12 of these had abnormal 123 I-FP-CIT SPECT findings at baseline (sensitivity, 63%). Seven of the 44 possible cases of DLB were reclassified as Alzheimer disease at follow-up, and all had normal DAT binding at baseline (specificity, 100%). These workers concluded that DAT imaging had a useful supportive role in classifying uncertain dementia cases. 123 I-FP-CIT SPECT has been used to assess the relative extent and pattern of striatal DAT loss in patients with DLB, compared with PDD patients (101) . Striatal 123 I-FP-CIT uptake was reduced by a similar magnitude in DLB, PDD, and PD but again was normal in Alzheimer disease patients. Compared with PD patients, in whom the putamen is selectively targeted resulting in a caudate-putamen gradient of DAT binding loss, patients with DLB and PDD showed a more uniform striatal reduction in 123 I-FP-CIT binding, with a reduced caudate-putamen gradient. There was a significant correlation between the Mini Mental State Examination scores and 123 I-FP-CIT binding in PDD, supporting the hypothesis that striatal dopaminergic loss contributes to the cognitive impairment of these patients.
The role of mesofrontal dopaminergic projections in PD with dementia has been investigated with 18 F-dopa PET using statistical parametric mapping to localize significant reductions in dopamine storage capacity at a voxel level. When PD patients with and without dementia were matched for age, disease duration, and disease severity, interrogation of their 18 F-dopa uptake images with statistical parametric mapping localized a reduced capacity for putamen dopamine storage in both groups. However, compared with the PD patients, the PDD patients showed additional reductions in 18 F-dopa uptake in the right caudate and bilaterally in the ventral striatum and the anterior cingulate (102) . These findings support the concept that dementia in PD is associated with impaired frontal and caudate dopaminergic function. Reduced frontal 18 F-dopa uptake has been previously reported in PD patients who showed impaired performance on tests of verbal fluency, verbal recall, and digit span (103) .
Cholinergic Function
123 I-iodobenzovesamicol SPECT is a marker of acetylcholine vesicle transporter binding in cholinergic nerve terminals. Reduced binding of 123 I-iodobenzovesamicol has been reported in the parietal and occipital cortex of nondemented PD patients, and this reduction spreads to involve all cortical areas in PD patients with dementia (104) . Another biomarker of cholinergic integrity is levels of acetylcholinesterase activity. This can be assessed with N-11 C-methylpiperidin-4-yl acetate ( 11 C-MP4A) or 1-11 Cmethylpiperidin-4-yl propionate ( 11 C-PMP) PET, and cortical binding of the former tracer has been reported to be reduced by 11% in PD and by 30% in PDD (105) . Levels of cortical N-11 C-methylpiperidin-4-yl acetate binding correlated with levels of striatal 18 F-dopa uptake in a combined group of PD patients with and without dementia, suggesting that there is a parallel reduction in dopaminergic and cholinergic function in PD. 1-11 C-methylpiperidin-4-yl propionate PET has revealed a significant correlation between cortical acetylcholinesterase activity and performance on tests of attention in a combined group of PD and PDD patients (106) . Interestingly, cortical acetylcholinesterase deficiency did not correlate with motor symptoms. Taken together, these findings suggest that a deficiency of cholinergic transmission contributes toward the dementia of PD and lends support to the therapeutic use of cholinesterase inhibitors.
The effect of cholinesterase inhibitor therapy on cerebral glucose metabolism has been assessed in 12 PDD patients (107) . Cholinesterase inhibitor treatment improved memory and induced significant increases in cerebral metabolism in the left angular gyrus (extending to the supramarginal area and left superior and middle gyri), the right superior gyrus, and the left middle orbitofrontal gyrus. There were significant correlations between improvements in Mini Mental State Examination scores and increased cerebral metabolism in the left supramarginal, orbitofrontal, and cingulate areas.
Measuring b-Amyloid Load in PD Dementia
Pittsburgh compound B (PIB) is a neutral thioflavin that shows nanomolar affinity for fibrillar b-amyloid plaques in Alzheimer brain slices but low affinity for intracellular neurofibrillary tangles and Lewy bodies (108). 11 C-PIB PET studies have reported 2-fold increases in tracer retention in the association cortex and cingulate of patients with Alzheimer disease, compared with healthy controls (109, 110) . 11 C-PIB PET has been used to determine the prevalence of a raised amyloid load in DLB and PDD ( Fig.  7 ) (111). Eleven of 13 DLB patients but only 2 of 13 PDD patients had significantly raised cortical amyloid levels. These findings suggest that b-amyloid deposition does not contribute significantly to the pathogenesis of PDD, in line with pathologic reports (112) . Conversely, in DLB, in which the dementia precedes or coincides with parkinsonism, an increase in 11 C-PIB uptake is seen in most patients (113) . It has been concluded that the presence of amyloid accelerates dementia in PD but does not appear to influence the nature of the symptomatology (114) .
In summary, dementia in PD is multifactorial, being associated with cortical Lewy body disease, amyloid deposition, and loss of dopaminergic and cortical cholinergic transmission. Functional imaging can help determine the relative contributions of these factors in individual patients and potentially rationalize the use of antiamyloid strategies.
NEUROINFLAMMATION AND PD
Microglia constitute 10%220% of white cells in the brain and are normally in a resting state. A change in brain milieu, such as that induced by injury or degeneration, causes them to become activated and release cytokines (115) . The mitochondria of activated microglia express translocator protein, previously known as the peripheral benzodiazepine receptor. This can be detected with a variety of PET ligands including the isoquinoline 11 C-PK11195 (116) .
Loss of substantia nigra neurons in PD has been shown to be associated with microglial activation (117) . More recently, histochemical studies have shown that microglial activation in end-stage PD is widespread, being seen in the basal ganglia, cingulate, hippocampus, and cortical association areas (118) . 11 C-PK11195 PET has been used to study microglial activation in PD. Increased midbrain signal can be detected, and this has been reported to correlate inversely with levels of posterior putamen 11 C-CFT uptake, a PET marker of DAT binding (119) . Increased 11 C-PK11195 uptake has also been reported in the medulla and pons, striatum, pallidum, and frontal cortex in PD (120) , in line with the known distribution of Lewy body pathology (Fig. 8) (121) . Over a 2-y follow-up period, little change in the level of microglial activation was seen in PD although all patients deteriorated clinically. This observation could imply that microglial activation is merely an epiphenomenon in PD; however, postmortem studies have shown that these cells continue to express cytokine messenger RNA, suggesting that they could be driving disease progression while their population remains static.
IMAGING CARDIAC SYMPATHETIC DENERVATION IN PD
Several SPECT and PET studies have reported that most patients with idiopathic PD show a significant loss of sympathetic innervation of the heart whereas this is not a feature of atypical variants such as multiple-system atrophy (122) (123) (124) . Decreased myocardial uptake of the sympathetic markers 123 I-metaiodobenzylguanidine (MIBG) and 18 F-fluorodopamine has been reported in PD patients even at early stages of the disease when cardiovascular reflexes are still intact. However, 123 I-MIBG SPECT is not a sensitive marker of early PD, as up to 50% of Hoehn and Yahr stage 1 patients can still show normal tracer binding (124) . Both 18 F-dopamine and 123 I-MIBG use the same metabolic pathway as norepinephrine, and their myocardial uptake reflects not only the density of postganglionic sympathetic neurons but also their functional integrity.
It has been suggested that cardiac sympathetic denervation contributes to symptoms of autonomic failure such as orthostatic hypotension. Oka et al. (125) examined the association between myocardial 123 I-MIBG uptake and orthostatic hypotension, pulse, and blood pressure changes during the Valsalva maneuver and erect and supine plasma norepinephrine concentrations in PD patients. Mean myocardial 123 I-MIBG uptake was significantly lower in PD patients with orthostatic hypotension and an abnormal Valsalva response. However, no association was found between the fall in systolic blood pressure on head-up tilt and baroreflex sensitivity or plasma norepinephrine concentrations. These results indicate that cardiac sympathetic dysfunction is a primary cause of impaired cardiovascular reflexes in PD.
CONCLUSION
Structural changes in PD nigra can be detected with both transcranial sonography and diffusion tensor MRI. Rather than reflecting the severity of disease, transcranial sonography reveals a susceptibility to PD but can valuably support the diagnosis. PET and SPECT measurements of dopamine terminal function sensitively detect dopamine deficiency in both symptomatic and at-risk subjects for parkinsonian syndromes. Measures of striatal dopamine deficiency correlate with bradykinesia and rigidity and potentially provide biomarkers for monitoring disease progression. Normal striatal DAT binding in a patient suspected of having PD excludes a dopamine deficiency syndrome and is associated with a good prognosis. Atypical parkinsonian syndromes can be sensitively discriminated from PD with either diffusion-weighted MRI or 18 F-FDG PET.
DLB can be reliably discriminated from Alzheimer disease by the presence of reduced striatal DAT binding. Most DLB patients show a significant amyloid load with 11 C-PIB PET, whereas this finding is less common in PDD patients. 
